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L e a r n i n g D i s t r i b u t e d R e p r e s e n t a t i o n s fo r  Sy l lab le s 

Michael Gasser 
Department s o f  Compute r  Scienc e an d Linguistic s 

Indian a Universit y 
Bloomington ,  I N 4740 5 

gasserOcs.Indiana.ed u 

Abstrac t 

This paper presents a connectionist model 
of  h o w representation s fo r  syllable s migh t  b e 
learne d fro m sequence s o f  phones .  A  simpl e 
recurren t  networ k i s traine d t o distinguis h a 
set  o f  word s i n a n artificia l  language ,  whic h 
ar e presente d t o i t  a s sequence s o f  phoneti c 
featur e vectors .  T h e distribute d syllabl e rep -
resentation s tha t  ar e learne d a s a  side-effec t 
of  thi s tas k ar e use d a s inpu t  t o othe r  net -
works .  I t  i s  show n tha t  thes e representation s 
encod e syllabl e structur e i n a  wa y whic h per -
mit s th e regeneratio n o f  th e phon e sequence s 
(fo r  production )  a s wel l  a s systemati c phono -
logica l  operation s o n th e representations . 

Linguistic Structure and Distributed 

R e p r e s e n t a t i o n 

I f  th e languag e science s agre e o n on e thing ,  i t  i s 
th e hierarchica l  natur e o f  language .  T h e impor -
tanc e o f  hierarchical ,  structure d representation s i s 
no w generall y recognize d fo r  th e phonologica l  pole , 
wher e syllable s an d metrica l  unit s no w pla y a  ma -
jo r  rol e (see ,  e.g. ,  FVazie r  (1987 )  an d Goldsmit h 
(1990)) ,  a s wel l  a s fo r  th e syntactic/semanti c pol e 
of  languag e an d languag e processing .  Th e majo r 
reaso n fo r  believin g i n structure d representation s 
i s th e significanc e o f  structure-sensitiv e operation s 
i n languag e processing .  A  semanti c inferenc e rul e 
m ay nee d t o kno w wher e th e subjec t  o f  a  claus e 
is ;  a  morphologica l  reduplicatio n rul e m a y nee d 
t o kno w wher e th e cod a (fina l  consonant(s) )  o f  a 
syllabl e is . 

Traditiona l  symboli c representation s ar e base d 
cruciall y o n th e simpl e notio n o f  concatenatio n 
(va n Gelder ,  1990) .  A  syllabl e representation ,  fo r 
example ,  i s  a  (bracketed )  strin g o f  concatenate d 
phones .  Recen t  connectionis t  wor k offer s a s a n 
alternativ e t o thi s widel y accepte d approac h dis -
tribute d representations ,  fo r  whic h i t  i s  generall y 
impossibl e t o isolat e whic h element s o f  th e rep -
resentatio n denot e whic h o f  th e lower-leve l  unit s 
comprisin g th e structur e bein g represented . 

W h at  goo d ar e distribute d representations ? 
The y certainl y ar e harde r  t o interpre t  directly ,  a t 
leas t  b y externa l  "users "  o f  th e syste m tha t  create s 
them .  A n d a t  firs t  blus h i t  seem s cumbersome ,  i f 

not  impossible ,  t o implemen t  structure-sensitiv e 
operation s o n them ,  operation s whic h presen t  n o 
>articula r  difficult y fo r  symboli c representation s 
Fodo r  k  Pylyshyn ,  1988) .  Clearl y distribute d 

representation s woul d b e useles s fo r  mos t  purpose s 
i f  the y wer e no t  amenabl e t o suc h operations .  Re -
cently ,  however ,  i t  ha s bee n show n tha t  i t  i s  possi -
bl e t o arriv e a t  a  se t  o f  connectio n weight s whic h 
implement s structure-sensitiv e operation s o n dis -
tribute d representations .  Wher e th e representa -
tion s aris e o n hidde n layer s throug h training ,  th e 
operation s o n the m ar e als o implemente d throug h 
trainin g (Chalmers ,  1990) .  Wher e th e representa -
tion s aris e a s a  resul t  o f  th e applicatio n o f  a  se t 
of  primitiv e operation s analogou s t o th e fillin g o f 
role s i n symboli c models ,  th e operation s o n the m 
ca n b e implemente d mor e directl y (Legendre ,  Miy -
ata ,  &  Smolensky ,  1991) . 

Ther e ar e thre e reason s t o prefe r  distribute d 
ove r  symboli c representation s fo r  structure d ob -
ject s suc h a s syllable s an d sentences . 

1.  Distribute d representation s d o no t  necessaril y 
increas e i n siz e a s th e complexit y o f  th e rep -
resente d objec t  increzises .  I n th e cas e o f  som e 
type s o f  representations ,  fo r  example ,  thos e de -
scribe d i n thi s paper ,  representation s fo r  ob -
ject s o f  th e sam e typ e ar e o f  fixe d widt h (Pol -
lack .  1990) .  Thi s seem s mor e importan t  fo r  syn -
tax/semantic s tha n fo r  phonology ,  wher e ther e 
i s apparentl y n o recursiv e embedding ,  bu t  i n 
a learnin g context ,  i t  i s  a  desirabl e featur e fo r 
phonologica l  representation s to o sinc e a  syste m 
canno t  b e expecte d t o kno w beforehan d ho w 
comple x th e representation s wil l  nee d t o b e an d 
therefor e ho w muc h m e m o r y t o allo t  t o them . 

2.  Comple x transformation s ca n b e performe d o n 
distribute d representation s i n a  singl e paralle l 
step ,  rathe r  tha n throug h a  serie s o f  symboli c 
conses ,  cars ,  an d cdr s (Legendr e e t  al. ,  1991) . 

3.  Ther e ar e relativel y simpl e algorithm s fo r 
learnin g th e structur e i n distribute d represen -
tation s (Elman ,  1990 ;  Pollack ,  1990) . 

Most  wor k concerne d wit h distribute d represen -
tation s fo r  structure d object s ha s examine d synta x 
or  semantics .  I t  remain s t o b e show n whethe r  i t 
i s  possibl e t o lear n distribute d syllabl e represen -
tation s whic h embod y th e structur e require d fo r 
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phonologica l  operation s o f  variou s sorts .  Thi s i s 
i n par t  wha t  thi s stud y seek s t o establish . 

Linguistic Structure and Time 

Languag e take s plac e i n time :  inpu t  t o hearer s 
and outpu t  fro m speaker s i s sequential .  I f  linguis -
ti c  knowledg e i s organize d hierarchically ,  a t  leas t 
par t  o f  wha t  hearer s d o i n perceivin g languag e 
must  consis t  i n takin g i n sequence s o f  element s 
at  on e leve l  an d classifyin g the m a s belongin g t o 
a singl e uni t  a t  a  highe r  level .  Somethin g tempo -
ra l  i s turne d int o somethin g static .  I n thi s sens e 
a syllabl e i s a  stati c s u m m a r y o f  a  tempora l  se -
quenc e o f  phones .  Speaker s i n tur n carr y ou t  th e 
revers e process :  the y tur n stati c representation s 
int o tempora l  sequences .  Give n a  syllabl e repre -
sentation ,  the y mus t  unpac k i t  int o it s componen t 
onse t  (initia l  consonant(s) )  an d rim e (remainin g 
segments^ .  Th e sort s o f  syllabl e representation s 
we see k shoul d b e accessibl e vi a th e categorizatio n 
tha t  take s plac e durin g perceptio n an d shoul d b e 
expandabl e int o thei r  componen t  element s durin g 
production . 

The tempora l  natur e o f  languag e i s relate d in -
timatel y t o th e issu e o f  short-ter m memory .  Th e 
proces s b y whic h a  sequenc e o f  element s a t  on e 
leve l  i s recognize d a s a  singl e elemen t  a t  a  highe r 
leve l  require s acces s t o mor e tha n jus t  a  singl e el -
ement  a t  a  time ;  a  contex t  i s necessary .  Th e pro -
ductio n o f  a  sequenc e o f  elements ,  give n a  higher -
leve l  summar y representatio n a s input ,  require s a s 
a contex t  som e representatio n o f  wha t  ha s alread y 
been produced . 

One approac h t o short-ter m memor y i s  t o giv e a 
syste m acces s t o a  buffe r  o f  som e fixe d width .  Thi s 
has severa l  drawbacks ,  i n particula r  th e proble m 
of  ho w th e syste m i s t o kno w beforehan d ho w wid e 
th e buffe r  shoul d b e (Port ,  1990) .  A n alternativ e 
i s a n approac h tha t  permit s a  syste m t o develo p 
it s ow n short-ter m memory .  Thi s i s possibl e i n 
connectionis t  network s wit h recurren t  connection s 
(Elman ,  1990 ;  Jordan ,  1986 ;  Port ,  1990) .  I t  i s thi s 
metho d tha t  i s  utilize d i n th e stud y describe d here . 

The Learner's Task 

Languag e acquisitio n begin s wit h perception ,  s o 
we expec t  th e representation s fo r  syllable s an d 
othe r  prosodi c unit s t o resul t  fro m perceptua l  pro -
cesses .  Ther e ar e severa l  possibilitie s fo r  ho w 
thi s migh t  happen ,  thoug h th e mos t  reasonabl e 
i s probabl y som e combination . 

1.  Th e hearer/learne r  ma y b e learnin g phonolog y 
fo r  it s ow n sake ,  tha t  is ,  eithe r  simpl y lookin g 
fo r  regularit y i n th e input ,  o r  lookin g fo r  evi -
denc e tha t  woul d allo w th e settin g o f  som e in -
nat e parameter s (Dreshe r  k  Kaye ,  1990) . 

2.  Th e hearer/learne r  ma y b e attemptin g t o ma p 
perceptua l  feature s ont o representation s o f  ar -
ticulator y gestures ,  a s i n variou s version s o f  th e 
moto r  theor y o f  perceptio n (Liberma n &  Mat -
tingly ,  1986) . 

3.  Th e hearer/learne r  ma y lear n prosodi c represen -
tation s a s a  side-effec t  o f  wor d recognition . 

I t  i s  th e thir d possibilit y  tha t  i s  pursue d here . 
The ide a tha t  phonolog y emerge s a s th e chil d 
learn s t o recogniz e an d produc e word s i s a n ap -
pealin g idea ,  an d a n ol d one .  I t  i s  base d o n th e 
notio n tha t  phonolog y i s no t  jus t  arbitrar y pat -
terning ,  bu t  rathe r  a  phenomeno n wit h function s 
fo r  th e languag e processin g system :  t o facilitat e 
wor d recognitio n an d t o organiz e wor d production . 
Accordin g t o th e thir d vie w i n th e lis t  above ,  th e 
chil d acquire s phonologica l  representation s i n th e 
contex t  o f  usin g them . 

Conside r  th e relationshi p betwee n th e acquisi -
tio n o f  wor d recognitio n an d th e acquisitio n o f 
syllabl e structure .  I n learnin g t o distinguis h a n 
initia l  subse t  o f  th e word s i n th e targe t  language , 
a learne r  i s provide d wit h relativel y direc t  infor -
matio n abou t  th e distinctivenes s amon g a  sizabl e 
subse t  o f  th e possibl e syllable s i n th e language . 
Becaus e th e syllable s ar e contrastiv e units ,  th e 
learne r  i s force d t o distinguis h the m i n orde r  t o 
distinguis h th e words .  Th e questio n addresse d 
her e i s whethe r  th e wor d recognitio n tas k suffice s 
t o develo p representation s whic h suppor t  phono -
logica l  operations . 

A huma n learner/heare r  i s presente d wit h un -
segmented ,  continuou s input .  Th e tas k o f  th e sys -
te m studie d her e i s a  considerabl y simple r  one : 
it s inpu t  consist s o f  sequence s o f  phones ,  eac h i n 
th e for m o f  a  phoneti c featur e vector .  Th e phone s 
appea r  on e a t  a  time ,  an d th e interna l  stat e o f 
th e syste m o n th e previou s tim e ste p provide s th e 
necessar y contex t  fo r  recognition .  Th e system' s 
initia l  tas k i s simpl y t o assig n sequence s o f  phone s 
(representin g word s i n th e language )  t o lexica l  cat -
egories .  A s a  sid e effec t  o f  performin g thi s task ,  i t 
develop s interna l  representation s fo r  variou s sub -
sequence s makin g u p th e words ,  i n particula r  fo r 
th e syllable s i n th e language .  Thes e subsequenc e 
representation s ca n the n i n tur n b e investigate d 
by treatin g the m a s input s t o component s wit h 
othe r  tasks .  Tw o furthe r  task s ar e deal t  wit h here : 
th e transformatio n o f  a  stati c sequenc e represen -
tatio n int o th e sequenc e o f  phone s i t  represent s 
(th e productio n task) ,  an d th e systemati c map -
pin g o f  on e sequenc e representatio n ont o another . 
I n bot h cases ,  wha t  i s o f  interes t  i s  whethe r  th e 
sequenc e representation s permi t  generalization s 
t o b e made .  Tha t  is ,  traine d o n a  subse t  o f  th e 
sequenc e representations ,  doe s th e syste m respon d 
t o other s o n whic h i t  wa s no t  trained ? 

The Approach 

The network s use d i n th e stud y describe d her e 
ar e simpl e recurren t  network s o f  th e type s 
first  investigate d b y Jorda n (1986 )  an d Elma n 
(1990) .  The y consis t  o f  feedforwar d network s sup -
plemente d wit h recurren t  connection s fro m th e 
hidde n and/o r  outpu t  layer s an d ar e traine d usin g 
th e familia r  back-propagatio n learnin g algorith m 
(Rumelhart ,  Hinton ,  &  Williams ,  1986) .  Figur e 1 
shows th e architecture s o f  th e network s use d fo r 
th e recognitio n an d productio n task s i n th e ex -
periment s describe d below .  Earlie r  experiment s 
indicate d th e superiorit y o f  thes e particula r  ar -
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chitecture s ove r  othe r  variant s o f  simpl e recurren t 
network s fo r  thes e tasks . 

The recognitio n networ k i s presente d wit h a  se -
quenc e o f  phones ,  on e a t  a  time ,  eac h phon e con -
sistin g o f  a  vecto r  o f  phoneti c features .  Amon g 
th e feature s i s sonority ,  whic h tend s t o corre -
lat e wit h proximit y t o th e nucleu s o f  a  syllable . 
Each sequenc e end s wit h a  boundar y symbol ,  rep -
resente d b y a n inpu t  patter n consistin g entirel y o f 
zeros .  Th e networ k i s traine d t o auto-associat e 
th e inpu t  phon e patter n (̂tha t  is ,  simpl y t o cop y i t 
t o a  se t  o f  outpu t  units) ,  an d t o categoriz e th e 
inpu t  sequenc e a s belongin g t o on e o f  a  se t  o f 
morphemes i n th e language .  Th e auto-associatio n 
task ,  whil e no t  directl y relate d t o wor d recogni -
tion ,  ha s th e effec t  o f  forcin g th e networ k t o dis -
tinguis h th e phone s makin g u p th e sequences .  Th e 
networ k i s provide d wit h target s fo r  bot h th e auto -
associatio n an d recognitio n tasks .  Th e lexica l  tar -
get  remain s constan t  throughou t  th e presentatio n 
of  th e sequence .  Vi a recurren t  connection s th e 
networ k aJs o ha s acces s t o a  cop y o f  it s  hidde n 
laye r  o n th e previou s tim e step .  A  distribute d syl -
labl e representation ,  t o b e use d a s inpu t  t o othe r 
networks ,  i s  obtaine d b y presentin g th e sequenc e 
of  phone s makin g u p th e syllabl e followe d b y a 
boundar y symbo l  an d savin g th e patter n whic h 
appear s o n th e hidde n laye r  a t  th e en d o f  thi s se -
quence . 

The productio n networ k take s a  distribute d syl -
labl e representatio n (fro m th e recognitio n net -
work )  a s input .  Thi s remciin s constan t  throughou t 
th e productio n o f  th e sequence .  Th e networ k i s 
traine d t o output ,  on e a t  a  time ,  th e phone s mak -
in g u p th e sequenc e followe d b y a  boundar y pat -
ter n followin g th e sequence .  Eac h phon e take s th e 
for m o f  a  featur e vector ,  identica l  t o th e patter n 
used a s inpu t  t o th e recognitio n network .  Target s 
ar e provide d fo r  eac h o f  th e outpu t  phones .  Th e 
productio n networ k ha s recurren t  connection s o n 
bot h th e hidde n an d outpu t  layers .  Th e outpu t 
patter n i s adde d t o a  decaye d versio n o f  th e pre -
viou s sequenc e o f  output s an d sen t  t o th e networ k 
as par t  o f  it s  inpu t  (o n th e STAT E layer) . 

Experiments 

Stimul i 

Stimul i  fo r  th e experimen t  consiste d o f  phone s an d 
phon e sequence s i n a n artificia l  language .  Phone s 
wer e represente d b y vector s o f  1 1 phoneti c fea -
tures .  Possibl e syllable s i n th e languag e ar e char -
acterize d a s follows : 

onse t  —•  {0,p,f,m,t,s,n,k,x } 

nucleus —• {i,e,a,o,u} 

rime -+ {0,n,s}. 

Thus ther e wer e 13 5 possibl e syllable s i n all . 

Procedures 

Each experimen t  bega n wit h th e trainin g o f  a 
recognitio n networ k t o categoriz e a  se t  o f  word s 
i n th e artificia l  language .  Eac h wor d consiste d o f 
tw o lega l  syllable s i n th e language ,  an d th e se t  o f 

word s wa s generate d b y randoml y combinin g pair s 
of  syllables ,  wit h th e restrictio n tha t  n o identica l 
)air s wer e included .  Onc e th e recognitio n networ k 
la d bee n traine d o n th e words ,  representation s fo r 

each o f  th e 13 5 syllable s i n th e language ,  consist -
in g o f  hidde n laye r  pattern s followin g th e presenta -
tio n o f  th e syllabl e sequences ,  wer e extracte d fro m 
th e network .  Thes e syllabl e representation s wer e 
the n use d a s input s t o othe r  networks . 

Experiment 1 

Firs t  10 0 two-syllabl e word s wer e generated .  Thi s 
resulte d i n a  se t  whic h containe d 10 4 o f  th e 13 5 
possibl e syllable s i n th e language .  Nex t  th e recog -
nitio n networ k wa s traine d t o identif y th e phon e 
sequence s representin g th e words .  Previou s exper -
iment s hav e show n tha t  wor d recognitio n train -
in g o n a  relativel y larg e se t  i s mor e effectiv e i f 
th e word s ar e introduce d graduall y t o th e networ k 
rathe r  tha n al l  a t  once ,  a n ide a inspire d b y th e 
regime n use d b y Plunket t  &  Marchma n (1991 )  t o 
trai n a  networ k t o lear n Englis h pas t  tens e forms . 
Thre e ne w word s wer e introduce d t o th e trainin g 
set  eac h tim e th e mea n squar e erro r  pe r  patter n fo r 
th e curren t  trainin g se t  droppe d belo w 1.0 .  Train -
in g continue d fo r  60 0 repetition s o f  th e trainin g 
set  (43,04 8 words) ,  b y whic h tim e al l  10 0 word s 
had bee n introduce d t o th e trainin g set . 

Performanc e o n wor d recognitio n a t  thi s poin t 
was fa r  fro m impressive .  Onl y 1 7 o f  th e 10 0 
word s wer e correctl y identifie d a t  th e poin t  wher e 
th e final  wor d boundar y wa s presented .  Stil l  i t 
was fel t  tha t  i n attemptin g t o lear n t o distin -
guis h th e words ,  th e networ k migh t  hav e devel -
oped distinc t  representation s fo r  th e syllabl e se -
quence s tha t  mad e the m up .  Representation s fo r 
al l  13 5 possibl e syllable s wer e se t  asid e b y pre -
sentin g th e networ k wit h th e phon e sequence s an d 
the n savin g th e final  patter n o n th e hidde n layer . 
The hidde n laye r  o f  th e recognitio n network ,  an d 
henc e th e widt h o f  th e distribute d syllabl e repre -
sentations ,  wa s 2 5 units . 

Next  thes e syllabl e representation s wer e use d a s 
input s t o a  productio n network .  2 0 % o f  th e sylla -
ble s wer e randoml y selecte d t o b e se t  asid e fo r  test -
in g th e networ k fo r  generalization .  Thes e include d 
sequence s whic h ha d bee n part s o f  th e word s i n th e 
origina l  recognitio n trainin g se t  an d other s whic h 
wer e no t  include d i n th e set .  Th e productio n net -
wor k wa s traine d t o outpu t  eac h syllabl e sequenc e 
followe d b y a  boundar y symbol .  TVainin g contin -
ued fo r  11 0 repetition s o f  al l  patterns ,  a t  whic h 
poin t  th e networ k mad e error s o n 7  o f  th e 38 4 
segment s makin g u p th e trainin g syllables .  Er -
ror s wer e mad e o n 7  o f  th e 9 5 segment s i n th e 
tes t  sequences .  Onl y on e o f  thes e segment s wa s 
one whic h di d no t  lea d t o a  lega l  syllabl e i n th e 
language . 

Thes e result s indicat e tha t  th e recognitio n net -
wor k i s abl e t o generaliz e abou t  syllabl e structur e 
on word s containin g a  subse t  o f  th e possibl e sylla -
ble s an d tha t  th e distribute d representation s de -
velope d durin g trainin g ca n b e use d fo r  productio n 
as well .  Th e fac t  tha t  th e error s mad e ar e reason -
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Figur e 1 :  Networ k Architecture s 

abl e one s indicate s tha t  th e representation s ar e en -
codin g syllabl e structur e i n a  systemati c way . 

Next  th e traine d recognitio n networ k wa s pre -
sente d a  representativ e se t  o f  14 2 bogu s syllables , 
sequence s whic h di d no t  confor m t o th e languag e 
th e networ k ha d bee n traine d on .  Thes e include d 
sequence s wit h phone s no t  amon g th e phonem e in -
ventor y o f  th e languag e (e.g. ,  b  an d d) ,  sequences 
wit h illega l  coda s (e.g. ,  fap) ,  sequences  wit h lon g 
nucle i  (e.g. ,  m u a ) ,  sequences  wit h cluste r  onsets , 
and sequence s wit h n o nuclei .  Th e hidden-laye r 
representation s fo r  eac h o f  thes e sequences  wer e 
save d an d presente d t o th e traine d productio n net -
work .  Th e outpu t  o f  th e productio n networ k wa s 
the n examine d t o determin e whethe r  th e network s 
woul d i n effec t  correc t  th e representations .  T h e 
productio n networ k responde d t o 9 7 o f  th e 14 2 se -
quence s (68% )  b y replacin g th e origina l  sequenc e 
wit h a  lega l  syllabl e i n th e language .  Typica l  re -
sponse s include d th e following :  k n —•  ken ,  kf e —• 
ke,  xo u —•  xu ,  pi k —» pi ,  za n —•  nan . 

Thes e result s ar e furthe r  evidenc e tha t  th e 
recognitio n an d productio n network s hav e learne d 
abou t  th e structur e o f  syllable s i n th e language . 
They als o indicat e tha t  th e representation s ar e ro -
bust . 

Experiment 2 

Finally ,  th e syllabl e representation s fro m th e 
recognitio n networ k wer e use d a s input s t o sim -
pl e feedforwar d network s whic h wer e designe d t o 
determin e whethe r  th e representation s coul d b e 
use d fo r  phonologica l  transformations .  Eac h feed -
forwar d networ k too k a s inpu t  a  syllabl e repre -
sentatio n an d yielde d a s outpu t  th e syllabl e repre -
sentatio n tha t  resulte d whe n applyin g a  particula r 
rul e t o th e inpu t  syllable .  Thre e rule s (an d thre e 

networks )  wer e used :  a  rul e whic h replace d th e 
vowel  i n a  syllabl e wit h u ,  a  rul e whic h m a d e th e 
cod a o f  th e syllabl e -s ,  an d a  rul e whic h replace d 
th e onse t  o f  th e syllabl e wit h th e fricativ e i n th e 
same plac e o f  articulatio n a s th e onse t  o f  th e orig -
ina l  syllabl e (o r  b y s  i f  ther e wa s n o onset) . 

Eac h networ k wa s traine d o n 8 0 % o f  th e sylla -
ble s unti l  ther e wer e n o errors ,  the n teste d o n th e 
remainin g 2 0 % .  Trainin g require d abou t  2 5 repeti -
tion s o f  al l  o f  th e patterns .  T h e network' s respons e 
was take n t o b e tha t  syllabl e (o f  th e 13 5 possible ) 
whose distribute d representatio n wa s closes t  (i n 
Euclidia n distance )  t o th e network' s outpu t  pat -
tern .  Fo r  eac h rule ,  ove r  9 5 % o f  th e tes t  sylla -
ble s wer e generate d correctly .  I n al l  case s error s 
resulte d i n syllable s whic h satisfie d th e basi c con -
strain t  impose d b y th e rul e i n questio n ( « nucleus , 
s coda ,  fricativ e onset) . 

Thes e result s indicat e tha t  th e syllabl e represen -
tation s learne d b y th e recognitio n networ k encod e 
syllabl e structur e i n a  wa y whic h make s i t  acces -
sibl e t o th e sort s o f  operation s whic h ar e c o m m o n 
i n th e phonologica l  system s o f  natura l  languages . 

Discussion 

T h e experiment s reporte d o n her e demonstrat e 
tha t  simpl e recurren t  network s ca n b e traine d t o 
develo p representation s o f  syllable s whic h encod e 
informatio n abou t  structur e i n a  distribute d form . 
Thes e representation s presen t  a  viabl e alternativ e 
t o traditiona l  concatenativ e type s o f  representa -
tions .  Lik e thei r  symboli c counterparts ,  th e dis -
tribute d representation s ca n b e unpacke d int o th e 
sequences  the y represen t  an d ca n b e transforme d 
i n systemati c ways .  Unlik e thei r  symboli c counter -
parts ,  th e distribute d syllabl e representation s ar e 
learned ;  ar e o f  fixe d width ;  an d permi t  parallel . 
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single-ste p operations . 
Ther e ar e a t  leas t  tw o othe r  connectionis t  ap -

proache s t o th e acquisitio n o f  syllables .  Goldsmit h 
k Larso n (1990 )  mode l  th e syllabificatio n o f  word s 
i n a  variet y o f  language s usin g a  constrain t  satis -
factio n networ k i n whic h unit s represen t  segment s 
i n th e wor d an d activation s represen t  th e "derive d 
sonority "  o f  th e segments ,  a n indicatio n o f  thei r 
rol e i n th e syllabi c structur e o f  th e word .  T w o sim -
il e parameter s characteriz e syllabificatio n i n eac h 
anguage .  T h e mode l  provide s a n elegan t  accoun t 

of  a  rang e o f  phenomena ,  bu t  i t  i s  no t  clea r  wha t 
i t  ha s t o d o wit h processin g sinc e wha t  i s modele d 
i s abstract ,  atempora l  derivation .  I t  i s  jJs o no t 
specifie d ho w a  languag e learne r  migh t  hav e ac -
ces s t o th e derive d sonoritie s neede d t o lear n th e 
parameters . 

Mor e i n th e spiri t  o f  th e presen t  approac h i s a n 
experimen t  b y Corin a (1991) ,  i n whic h a  simpl e 
recurren t  networ k wa s presente d wit h sequence s 
of  phoneti c segment s fro m a  databas e o f  spoke n 
Englis h utterances .  Traine d simpl y t o predic t 
th e nex t  segment ,  th e networ k showe d clea r  ev -
idenc e o f  havin g discovere d th e statisticc d regu -
laritie s tha t  characteriz e th e structur e o f  th e En -
glis h syllable .  Tha t  is ,  it s  outpu t  prediction s cor -
responde d closel y t o th e actua l  probabilitie s o f 
particula r  segmen t  classe s i n particula r  positions . 
Thi s i s evidenc e tha t  a  networ k ca n jils o lear n 
abou t  syllabl e structur e fro m trainin g o n a n unsu -
pervise d task .  I t  remain s t o b e see n whethe r  th e 
lidde n laye r  pattern s fro m Corina' s networ k ar e 

suite d fo r  recognitio n an d productio n o r  whethe r 
ther e i s anythin g t o b e gaine d b y combinin g th e su -
pervise d recognitio n an d unsupervise d predictio n 
tasks. * 

H o w migh t  th e syllabl e representation s learne d 
i n th e networ k fit  int o t o a  mor e complet e mode l  o f 
wor d recognitio n an d production ? I  note d abov e 
tha t  th e recognitio n networ k wa s no t  especiall y 
successfu l  i n learnin g t o distinguis h th e 10 0 word s 
i t  wa s traine d on .  A s th e numbe r  o f  word s t o b e 
recognize d increase s t o mor e plausibl e ranges ,  w e 
ca n expec t  ver y seriou s degradation  i n thi s capac -
ity ,  thoug h increasin g th e hidde n laye r  siz e woul d 
offse t  th e degradation  t o som e extent .  Ye t  th e 
proble m migh t  g o awa y i n a  hierarchicall y orga -
nize d syste m wit h simpl e recurren t  network s oper -
atin g wit h differen t  unit s a s inputs .  W o r d recogni -
tio n migh t  the n b e a  proces s o f  assignin g sequence s 
of  syllable s and/o r  large r  metrica l  unit s t o wor d 
or  m o r p h e m e units .  Thu s th e syllabl e representa -
tion s learne d i n th e networ k describe d her e woul d 
provid e th e inpu t  t o a  syllable-leve l  network .  Se e 
Gasse r  (1991 )  fo r  mor e o n thi s proposal . 

FVom th e perspectiv e o f  it s  plausibilit y  a s a 
model  o f  phonologica l  acquisition ,  th e presen t 
model  ha s a  numbe r  o f  inadequacie s an d gaps . 
First ,  I  hav e onl y scratche d th e surfac e i n term s o f 
what  migh t  b e require d o f  suc h a  model .  H o w ,  fo r 

'  I n som e preliminar y experiments ,  I  hav e no t  foun d 
bette r  performanc e o n wor d recognitio n fro m network s 
whic h ar e als o expecte d t o predic t  thei r  nex t  sequence . 

example ,  migh t  thi s approac h accoun t  fo r  learn -
in g ho w t o assig n stres s t o nove l  word s (i n a  lan -
guag e whic h doe s thi s i n a  non-arbitrar y way) ? 
Recently ,  Gupt a &  Touretzk y (1991 )  hav e show n 
tha t  perceptron s ca n lear n t o assig n stres s t o syl -
labl e sequence s fro m 1 9 natura l  language s (appar -
entl y encompassin g th e rang e o f  possibl e stres s 
systems) .  Th e presen t  approac h woul d attemp t  t o 
achiev e thi s i n th e contex t  o f  th e hierarchica d ar -
chitectur e referre d t o above ,  b y trainin g a  sequen -
tia l  networ k whic h take s distribute d syllabl e rep -
resentation s (on e a t  a  time )  a s inpu t  t o recogniz e 
word s involvin g on e o r  mor e metrica l  unit s (se -
quence s o f  stresse d an d unstresse d syllables) .  Th e 
hop e woul d b e tha t  distribute d representation s fo r 
thes e units ,  an d eventuall y fo r  th e entir e words , 
woul d arise ,  an d tha t  thes e woul d provid e th e in -
put  t o th e wor d productio n process ,  wher e stres s 
assignmen t  take s place .  Whil e considerabl y mor e 
involve d tha n th e approac h o f  Gupt a &  Touretzk y 
(1991) ,  thi s woul d respec t  th e sequentia l  natur e o f 
languag e an d maintai n th e relationshi p betwee n 
wor d recognitio n an d phonologica l  learning . 

A furthe r  weaknes s o f  th e framewor k i n it s cur -
ren t  stat e involve s th e learnin g o f  production . 
Whil e th e learnin g o f  syllabl e representation s a s 
a side-effec t  o f  th e proces s o f  wor d (o r  morpheme ) 
recognitio n seem s reasonable ,  th e learnin g o f  th e 
revers e proces s i s anothe r  matter .  Th e networ k 
traine d o n th e productio n tas k wa s provide d wit h 
target s fo r  eac h outpu t  phone ,  a  degre e o f  supervi -
sio n tha t  clearl y doe s no t  correspon d t o anythin g 
i n th e experienc e o f  th e huma n languag e learner . 
For  no w i t  m a y b e bes t  t o vie w thi s tas k a s noth -
in g mor e tha n a n existenc e proo f  tha t  th e rep -
resentation s ca n b e unpacke d fo r  productio n o r 
alternativel y a  techniqu e fo r  einalyzin g th e dis -
tribute d representations ,  which ,  unlik e thei r  sym -
boli c counterparts ,  ar e no t  directl y interpretable . 
Of  course ,  th e issu e o f  ho w childre n lear n t o pro -
duce ,  a s wel l  a s perceive ,  linguisti c forms ,  whe n 
the y ar e no t  provide d wit h targets ,  i s  on e facin g 
any approac h t o languag e acquisition . 

Finally ,  th e presen t  approac h presuppose s som e 
mechanis m fo r  segmentation ,  first,  a t  th e leve l  o f 
th e phone s tha t  ar e th e input s t o th e recognitio n 
process ,  an d second ,  a t  th e leve l  o f  th e syllable s 
(o r  words )  themselves .  Again ,  segmentatio n i s a 
proble m fo r  al l  sort s o f  acquisitio n models .  Re -
centl y Doutriau x &  Zipse r  (1990 )  hav e ha d som e 
succes s i n trainin g simpl e recurren t  network s t o 
discove r  segment s i n speech .  Thu s thi s seem s t o 
be a  proble m tha t  ca n b e approache d withi n th e 
framewor k outline d i n thi s paper . 
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